Abstract: Aspartate aminotransferase catalyzes the transfer of an amino group from L-aspartate to α-oxoglutarate. We have purified cytosolic isozyme, to apparent homogeneity, from the heart of river buffalo. In order to clone the enzyme total RNA was isolated and the cDNA encoding complete polypeptide of 413 amino acids was amplified by reverse transcriptase polymerase chain reaction. The cDNA and the deduced amino acid sequence exhibited 98.2% and 99.5% identities, respectively, with that of cow. The cDNA was overexpressed in Escherichia coli and the gene product was obtained in enzymologically active form. The recombinant enzyme was about 40% of the total cell proteins. The purified recombinant enzyme displayed specific activity, Km, temperature and pH stability values similar to that of the native enzyme. Edman degradation and electrospray ionization mass spectra showed that the recombinant enzyme consisted of three species having N-terminal sequences of MAPPSIF, APPSIF and PPSIF, although the second one was the predominant species. Conditions are also described, which in the mass spectral analysis give either the three species corresponding to the apo-or the holo-enzyme; the latter retaining pyridoxal phosphate bound to the protein. To our knowledge this is the first report on sequence determination, cloning and characterization of aspartate aminotransferase from river buffalo.
Introduction
Aspartate aminotransferase (AST; EC 2.6.1.1) is ubiquitous enzyme found in all the domains of life. It catalyzes the transfer of an amino group from L-aspartate to α-oxoglutarate by a ping-pong bi-bi reaction mechanism to produce oxaloacetate and L-glutamate (Orlacchio et al. 1975; Kirsch et al. 1984) . In mammals it is predominantly found in heart and liver tissues. Since its discovery, AST has been studied extensively for its functional, mechanistic and structural properties. The enzyme exists in two isozymic forms, a heat-stable cytoplasmic and a heat-labile mitochondrial, that exhibit different kinetic and structural properties (Morino et al. 1963; Ivanov & Karpeisky 1969; Martinez-Carrion et al. 1970) . The enzyme has been purified and characterized from a wide range of organisms including bacteria, archaea, plants and animals (Marino et al. 1966 (Marino et al. , 1988 Ovchinnikov et al. 1975; Frank et al. 1990; Sung et al. 1990) .
ASTs are multifunctional enzymes as most of them can utilize more than one amino acid as substrate, for example, AST from Escherichia coli catalyzes the transamination of glutamate, phenylalanine, kynurenine, as well as aspartate (Han et al. 2001) . Mammalian mitochondrial AST has recently been reported to have kynurenine aminotransferase activity and play a role in the biosynthesis of kynurenic acid in rat, mouse and human brains (Han et al. 2011) . Studies on animal AST have shown that the cytosolic and mitochondrial isozymes are encoded by different but structurally related genes (Obaru et al. 1988; Juretic et al. 1990) .
Pyridoxal phosphate (PLP) is required as the prosthetic group for the activity of both isozymes (Lacour et al. 1982; Wu et al. 2003) . In case of cytosolic AST, lysine 259 (pig heart AST numbering including the amino-terminal methionine) covalently binds to PLP to form a Schiff base linkage (Schmidt et al. 1982) .
As a clinically important enzyme, AST has been used in the diagnosis of myocardial infarction and several liver diseases (Johnson et al. 1995; Kim et al. 2004; Zechini et al. 2004) . Recently, as a component of malate-aspartate shuttle and as a metabolic enzyme, AST has been considered as a possible target in controlling breast cancer (Thornburg et al. 2008) .
River buffalo (Bubalus bubalis), with an estimated population of more than 150 million in the world (Bhat 1992) and 27.3 million in Pakistan, contributes not only in dairy and agriculture but also serves as predominant slaughter house animal. It contributes 68% of milk and 32% of total meat production in Pakistan (Bilal et al. 2006) . Although AST has been extensively studied from a variety of organisms, there is no information available on this enzyme from river buffalo. We therefore aimed at characterization of this enzyme from this species of great importance. The present study was initiated with the aim of purification and characterization of cytosolic AST from the heart of river buffalo and determination of the nucleotide sequence of the gene encoding the enzyme. We preferred purification of cytosolic AST over mitochondrial one because the former is believed to be heat-stable. The overproduction inEscherichia coli and a comparison of the native and the recombinant purified enzymes are also described in the present report.
Material and methods

Materials and reagents
Fresh B. bubalis heart tissue, used as raw material, was obtained from the slaughter house in Lahore, Pakistan. Carboxymethyl-sephadex, L-aspartate, α-oxoglutarate, nicotinamide adenine dinucleotide (NADH), malic acid and chromatography-related reagents were obtained either from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) or Calzyme (Calzyme Laboratories, Inc., San Luis Obispo, CA, USA).
Purification of the enzyme A modified form of the method described by Nisselbaum & Bodansky (1996) was used in the purification of the native enzyme. Fresh heart ventricle tissue was homogenized in 2 volumes of 50 mM potassium malate buffer, pH 6.0, containing 5 mM EDTA to prepare the crude extract. The temperature of the crude extract was raised up to 60
• C, solid α-oxoglutarate sodium salt was added to a final concentration of 2 mM, the temperature was further raised to 75
• C and incubation was carried out for 20 min. The heat-treated sample was chilled in ice water and centrifuged at 9000×g for 20 min at 4
• C. The pellet was discarded, supernatant brought to 55% (NH4)2SO4 saturation and centrifuged as described above. The clear light yellow supernatant obtained after centrifugation was brought to 75% (NH4)2SO4 saturation and centrifuged again as above. Precipitates were dissolved and dialyzed in 10 mM sodium acetate buffer, pH 6.0 (buffer-A) at 4
• C. The clear dialyzate was applied to a column (2.5×36 cm) packed with 30 mL of carboxymethyl-sephadex and the enzyme was eluted with a linear gradient of 0-0.25 M NaCl in buffer A. Fractions were collected manually and used for the measurement of enzyme activity. The fractions containing significant enzyme activity were pooled, after analysis on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and concentrated using Quick Start TM cassette and stored at −20
• C in 20% glycerol in buffer A.
Protein estimation
The protein contents of the samples were estimated by using Quick Start TM Bradford Dye Reagent (Bio Rad Laboratories, CA, USA) and bovine serum albumin as a standard. Absorbance was taken at 595 nm after incubating the samples with Bradford reagent for 10 min at room temperature.
Enzyme assay
The assay mixture was prepared in 50 mM sodium phosphate buffer, pH 7.5. The experimental and blank cells, containing 3 mL reaction mixture with 3 mM α-oxoglutarate, 200 µM NADH, 100 mM L-aspartate, and 100 U of malate dehydrogenase were placed in a spectrophotometer (Shimadzu BioSpec-1601) equipped with a temperature control device. After 5 min of incubation at 35
• C, AST-Bb (≈1 µg) was added in the experimental cell. The change in absorbance at 340 nm was monitored for 5 min. The reaction catalyzed by AST results in the formation of oxaloacetate and L-glutamate. The rate of oxaloacetate formation was measured by a coupled assay, which involved the use of NADH and malate dehydrogenase. Oxaloacetate was reduced to L-malate and NADH was oxidized to NAD + . The decrease in absorbance at 340 nm because of the oxidation of NADH was used as an indicator of enzyme activity. The amount of L-aspartate consumed per min was calculated considering extinction coefficient of NADH as 6220 M −1 cm −1 . The total protein content was calculated by measuring the absorbance at 280 nm, considering that 1 mg/mL of purified AST-Bb solution, in a 1 cm path-length cell, has an absorbance of 1.4. One unit of enzyme activity was defined as the amount of enzyme, which catalyzed the conversion of 1 µmol of L-aspartate per min at 35
• C under our assay conditions. Generation of cDNA Total RNA was isolated from 100 mg of fresh heart tissue by using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the recommendations of the supplier. The complementary strand of mRNA of AST-Bb was synthesized by reverse transcriptase M-MuLV using gene-specific reverse primer-5'-GGTGTGAGTGCTGTTTCTTCAC-3'. Reaction was carried out at 37
• C for 50 min, and after the reaction was complete, the reverse transcriptase was inactivated by incubation at 94
• C for 7 min. Doublestranded DNA was synthesized by polymerase chain reaction (PCR) using Taq DNA polymerase and a set of forward (5'-CGACTCCTGCTTTCTAGCTATGG-3') and reverse (describe above) primers. Both forward and reverse primers were designed on the basis of gene sequence encoding B. taurus heart cytosolic AST deposited with the DNA Data Bank of Japan (DDBJ; http://www.ddbj.nig.ac.jp/) accession number X66020. The PCR product was analyzed by 1% agarose gel electrophoresis; the DNA was purified from the gel and used for cloning.
Molecular cloning of AST-Bb gene
The DNA purified from the agarose gel was ligated into pTZ57R/T cloning vector and E. coli DH5α cells were transformed. The transformed cells were grown on LB-agar medium containing 100 µg of ampicillin, 120 µg each of isopropyl β-D-1-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) per mL of the medium. The colonies of transformed cells were selected on the basis of blue and white color and further confirmed by double restriction of the isolated plasmids with EcoRI and Sal I. One of the positive clones was sequenced by gene walking method on both strands in duplicate. The consensus sequence was submitted to DDBJ/EMBL/GenBank (Benson et al. 2011) and is available under the accession number AB437282.
Homology searches were performed by using the BLAST tool (Altschul et al. 1990 ). Multiple sequence alignment and phylogenetic analyses were performed by using ClustalW program (Thompson et al. 1994) provided by DDBJ (http://clustalw.ddbj.nig.ac.jp/top-e.html).
Overexpression of AST-Bb gene in E. coli
For expression of the gene, an NdeI restriction site was introduced at the 5'-end of the gene by PCR and inserted in pET21a utilizing NdeI and EcoRI restriction sites. The resulting recombinant plasmid was named pET-AST-Bb. The gene was overexpressed in E. coli BL21 (DE3) CodonPlus cells in the presence of 0.5 mM (final concentration) of IPTG. The culture was harvested by centrifugation, suspended in ice cold buffer A, containing 5 µg of PLP per mg of total proteins.
Purification of recombinant AST-Bb
The suspended pellet from above section was brought to 4
• C and passed twice through a French Press device at 22000 psi. The homogenate was centrifuged at 12000×g and 4
• C for 20 min. The supernatant containing the entire recombinant enzyme was transferred to a clean glass beaker, selectively precipitated between 30-75% (NH4)2SO4 saturation and dialyzed against buffer A. The clear dialyzate was further purified using Resource S column (GE Healthcare). The enzyme bound to the column was eluted with 0-0.25 M linear gradient of NaCl at a flow rate of 1 mL/min. The enzyme, eluted as a single peak, was analyzed for homogeneity on SDS-PAGE (Laemmli 1970 ).
Molecular weight determination
Mass spectrum of recombinant AST-Bb was acquired on 6224 TOF LC/MS (Agilent Technologies, USA) equipped with a dual electrospray ionization (ESI) source. Positive ions were generated using a dual ESI voltage of 3.5 kV with the gas temperature at 325
• C, drying gas flow 5 L/min, and a nebulizer pressure of 30 psig. Data were collected at a scan rate of 1.03 spectra/s.
The flow injection analysis for the holoenzyme was performed by injecting 10 µL of AST-Bb (3 µg of protein/µL in water) which was propelled by a mixture of 70% water and 30% acetonitrile, each containing 0.1% formic acid, at a flow rate of 0.2 mL/min. The TOF spectra range was adjusted from 100-3000 m/z. Typically, total ion current (TIC) chromatogram was generated and calibrated with an ESI-L low concentration tuning mix (as provided with the instrument). Multiply charged spectrum was extracted from TIC in Agilent MassHunter Qualitative Analysis software and processed for deconvolution. Sodium borohydridetreated AST-Bb was also analyzed in a similar way.
For analysis of apoenzyme, 10 µL of original sample (3 µg of protein/µL in water) was incubated for 10 to 15 min with 4 µL of 40% aqueous acetonitrile and 6 µL of 0.1% TFA. The sample after treatment was analyzed on ESI through flow injection method as described above.
In order to determine the quaternary structure of the recombinant enzyme, size exclusion column chromatography was carried out using AKTA Purifier and Superdex 200 10/300 GL column (GE Healthcare) in 50 mM sodium phosphate buffer, pH 7.5, containing 150 mM NaCl.
Effect of temperature and pH on the enzyme activity To determine the effect of temperature on the enzyme activity, the reaction mixture, without the addition of AST-Bb, was pre-incubated at various temperatures for 5 min and enzyme activity was measured with the addition of AST-Bb as described above.
In order to determine the thermostability, the enzyme was incubated in the presence and absence of 2 mM α-oxoglutarate in 50 mM sodium phosphate buffer, pH 7.5, for various intervals of time. The residual activity was examined as described above.
To determine the effect of pH on activity of the purified enzymes, various buffer solutions of pH ranging from 4.5 to 10.5 were used and activity was measured at 35
• C.
Determination of Km and Vmax
The enzyme activity was measured, at constant concentration of all reagents but increasing the concentration of L-aspartate and α-oxoglutarate, alternatively. The concentration of L-aspartate was increased from 0.5 to 13 mM, whereas the concentration of α-oxoglutarate was increased from 0.25 to 8 mM in a linear fashion. The values for Km and Vmax were calculated by plotting Lineweaver-Burk plot.
Results
Purification of cytosolic enzyme from the heart ventricles The cytosolic ATS-Bb was purified by selective heatdenaturation, ammonium sulfate precipitation and cation-exchange chromatography. The enzyme was stable at 75
• C for at least 20 min in the presence of 2 mM α-oxoglutarate. During the fractional precipitation with ammonium sulfate, most of the enzyme was precipitated between 55-75% saturation at 4
• C. When the sample after ammonium sulfate precipitation was dialyzed and applied to carboxymethyl-sephadex column and a NaCl gradient was applied, AST-Bb was eluted at 80 mM NaCl in buffer A. The purified enzyme appeared as a single band on SDS-PAGE (Fig. 1a) and displayed a specific activity of 197 U/mg. The final yield of the enzyme was 15% and it was purified up to 229-folds (Table 1 ). The enzyme was quite stable for more than 6 months if stored at −20
• C in 20% glycerol or sucrose.
Molecular cloning
Reverse transcriptase PCR resulted in the amplification of a 1.25 kb DNA fragment as judged by agarose gel electrophoresis (data not shown). The DNA sequencing results demonstrated that the amplified DNA fragment was composed of 1242 nt encoding a polypeptide of 413 amino acids with a theoretical molecular weight of 46411 Da. Interestingly, the theoretical molecular weight did not match the molecular weight of native purified AST-Bb determined by SDS-PAGE. There was a discrepancy of about 6 kDa. A comparison of the amino acid sequence of AST-Bb with various AST sequences a Starting material was 3 kg of heart tissue for native AST-Bb and 25 g of E.coli cell pellet obtained from 8 L of culture for recombinant AST-Bb. , respectively, in AST-Bb. When we constructed the phylogenetic tree based on the amino acid sequences of ASTs from various sources we found two distinct clusters corresponding to cytoplasmic and mitochondrial forms of ASTs. AST-Bb clustered with cytoplasmic forms (Fig. 3) .
Production in E. coli and purification of recombinant AST-Bb For expression, AST-Bb gene was cloned into the expression vector pET-21a utilizing NdeI and EcoRI sites. When cells containing pET-AST-Bb plasmid were harvested after induction with IPTG and analyzed by SDS-PAGE, a protein band at about 40 kDa was observed that was missing in the cells containing pET-21a vector (Fig. 1b) . The molecular weight of the recombinant enzyme determined by SDS-PAGE (≈40 kDa) exactly matched with that of the native enzyme. The gene product in E. coli represented about 40% of the total cell proteins. To our knowledge this is the highest production level of mammalian AST in E. coli system. As E. coli cells have a limited pool of PLP, therefore incubation of the apoenzyme at 4
• C for 60 min in the presence of 5 µg of PLP/mg of AST-Bb resulted in about 3-fold increase in the enzyme activity (data not shown).
During purification recombinant AST-Bb was precipitated between 30-75% (NH 4 ) 2 SO 4 saturation along with some proteins originated from host cells. When the precipitated proteins, after dialysis against buffer A, were applied to Resource S (GE Healthcare) column, most of the host proteins did not bind the column and passed in the flow through. AST-Bb did bind to the column and eluted as a single peak when NaCl concentration was 0.2 M (data not shown). Final yield of recombinant AST-Bb was 39% with a specific activity of 193 U/mg (Table 1) .
N-terminal amino acid sequence and molecular weight determination
The N-terminal amino acid sequence of the recombinant AST-Bb appeared to be a mixture of methionine, alanine and proline indicating that purified recombinant AST-Bb consisted of three types of polypeptides with N-terminal sequence MAPPSIF (theoretical MW 46411.8 Da), APPSIF (theoretical MW 46280.6 Da) and PPSIF (theoretical MW 46209.6 Da). For further clarification we analyzed the purified recombinant ASTBb by LC/MS under several conditions. When the protein was incubated in 30% aqueous acetonitrile containing 0.1% formic acid and analyzed by flow-injection, three m/z species were observed whose masses corresponded to the variously cleaved N-termini of the apoenzyme (Fig. 4 and Table 2 ). The spectrum of the apoenzyme was also obtained when AST-Bb was analyzed by HPLC-MS. Interestingly, however, when the solution of the enzyme in water was subjected to mass spectral measurement, using flow-injection, equivalent mass species of the holoenzyme, in which PLP was linked by Schiff base to the protein, were observed. The retention of the Schiff base linkage under conditions, when the sample is propelled by denaturing solvent mixture (acetonitrile, formic acid and water) with the nitrogen gas temperature of 325
• C in dual ESI segment, is unexpected. We have found that other PLPdependent proteins in water, when analyzed by flowinjection, also give the spectra of holoenzyme. Sodium borohydride treated derivative of AST-Bb also gave the three species corresponding to the dihydro-holoenzyme having either N-terminal sequence MAPPSIF, APPSIF or PPSIF. In all the three derivatives the species containing the loss of methionine, that is, with the sequence APPSIF predominated constituting 56% of the total enzyme. The mass spectra of the three derivatives are shown in Fig. 4 and the theoretical as well as experimentally determined masses are listed in Table 2 , which shows excellent agreement between the found and expected values.
When we analyzed the purified sample for quaternary structure using gel filtration column chromatography, both the native and recombinant enzymes were eluted at a retention volume of 13.95 and 13.92 mL, respectively (Fig. 5) corresponding to a molecular weight of 90 kDa. These results indicated the existence of ASTBb, native as well as recombinant, in the dimeric form.
Enzyme characteristics
Effect of temperature on AST-Bb enzyme activity was examined by incubating the reaction mixture at various temperatures. The enzyme was active at a wide temperature range. AST-Bb displayed highest enzyme activity at 40
• C retaining approximately 30% activity at both 15 and 60
• C (Fig. 6a) . Thermostability experiments revealed that the enzyme activity sharply decreased with the increased temperature when incubated above 40
• C in the absence of α-oxoglutarate. However, the enzyme was quite stable at these temperatures when incubated in the presence of α-oxoglutarate. There was no significant decrease in the enzyme activity even after 30 min of incubation at 75
• C. When we measured the enzyme activity at various pH, we found that the enzyme was active in a broad pH range with an optimum activity at pH 8. The enzyme displayed more than 40% activity at pH 5 and 10 (Fig. 5b) .
In order to determine the K m value of native and recombinant enzymes, various concentrations of substrates ranging from 0.5 to 13 mM were employed and activity was examined (as described in the Materials and methods section). Under our assay conditions both the native and recombinant AST-Bb displayed a K m value of 4.6 mM for L-aspartate and 1.4 mM for α-oxoglutarate. The V max toward L-aspartate was 230 µmol min −1 mg −1 of purified AST-Bb (Fig. 7) . The k cat value was 352 sec −1 . The enzyme efficiencies k cat /K m values for L-aspartate and α-oxoglutarate were 76.5 sec −1 mM −1 and 251.4 sec −1 mM −1 , respectively.
Discussion
River buffalo is an animal of importance in agriculture and livestock in South Asia. Despite of being an animal of tremendous importance it has been remained unexplored for the characteristics of its enzymes and related DNA sequences. In the present study we have purified cytosolic AST-Bb to apparent homogeneity from the heart ventricles. During the purification process, the enzyme has exhibited a remarkable thermostability in the presence of 2 mM α-oxoglutarate. The heat treatment resulted in the denaturation of unwanted proteins and elimination of the proteases which could otherwise have destroyed the enzyme during the purification process. Heat treatment also removed the mitochondrial isozyme by its denaturation and precipitation (Banks et al. 1968; Twomey and Doonan 1997) . The pH and temperature optima as well as the K m values of AST-Bb for L-aspartate and α-oxoglutarate are similar to porcine heart cytosolic enzyme (Nisselbaum & Bodansky 1966) . However, these values are different from the enzyme purified from Rattus norvegicus, Hyalomma dromedarii, thermophilic Bacillus species and human placenta (Recasens et al., 1980; Lacour et al. 1982; Vessal & Taher 1995; Mohamed 2001) . AST-Bb exhibited highest en- zyme activity at pH 8.5. Optimal pH for R. norvegicus AST has been reported from 8.5 to 10 (Recasens et al. 1980) , whereas AST-Bb looses more than 50% of the enzyme activity at pH 10 ( Fig. 6b ) although both the enzymes are 90% identical in their primary structure. The amino acid sequence of AST-Bb has shown a 99.5% identity with the AST sequence derived from B. taurus. There were only two amino acids different in the enzymes from the two species. S 233 and I 375 found in B. taurus were replaced by N 233 and V 375 in AST-Bb. When we expressed the gene encoding AST-Bb in E. coli, a high level expression was obtained with a gene product representing about 40% of the total cell proteins. Recombinant AST-Bb was produced in a soluble form with similar specific activity as that of the native enzyme, suggesting that E. coli can produce correctly assembled buffalo enzyme, even in the presence of the E. coli native enzyme. To our knowledge, this is the highest expression of any AST gene in E. coli in active soluble form. In previous reports the highest production of AST in E. coli was only 18% of the total host proteins and this AST was a fusion protein with β-galactosidase (Horio et al. 1988) , while only a 3% of the total soluble protein could be obtained when pig cytosolic AST gene was expressed without fusing it to any protein (Nagashima et al. 1989) .
The Edman degradation analysis showed that recombinant AST-Bb purified to apparent homogeneity on SDS-PAGE had heterogeneity in the N-terminal sequence. The purified enzyme existed in three major types. The one having intact N-terminal methionine (20%), the second one with removed the amino end methionine (56%), and the third one where two N-terminal amino acid residues (M and A) were removed (24%). Previously, a report about the production of pig heart cytosolic AST has also shown a heterogeneity in the amino-terminal sequence, where three types of polypep- tides were reported in the purified recombinant enzyme including the one with A 2 at the N-terminus comprising 26% of the total molecules, the second one with P 3 at the N-terminus which was the major component (54%), and the third one with P 4 representing 19% of the total protein (Fukumoto et al. 1991) . Although the AST from pig and AST-Bb have identical amino acid sequence at their N-termini and recombinant purified enzymes from both sources exist as a mixture of three different polypeptides, only one polypeptide (with alanine at the N-terminus) was common between the two. Polypeptide with methionine at the N-terminus was not present in case of recombinant AST from pig, whereas polypeptide with proline (P 4 ) was absent in recombinant AST-Bb. This could be because of different E. coli expression systems used in both studies. Deletion of three N-terminal amino acid residues (MAP) did not affect the catalytic activity and structural integrity of the enzyme (Nagashima et al. 1989; Fukumoto et al. 1991) . The present study is a useful beginning for cataloguing the genetic make-up and characteristics of encoded enzymes from an unexplored species of great livestock importance in South Asia.
